Calculations based on a full master equation approach have been made of the absorption spectrum for a certain three level system in which two states |2 , |1 are strongly driven by a near resonant monochromatic laser field whose Rabi frequency is large compared with the natural lifetime width of |2 . A third state |3 is coupled to the nearby state |2 by a static electric field. As the static field coupling increases the spectrum in the neighbourhood of the laser frequency changes from the partly emissive, partly absorptive Mollow form to an absorptive spectrum with two strong peaks. Also, the spectrum in the neighbourhood of the upper level transition frequency changes from an Autler-Townes doublet to a spectrum where a new emissive line appears at the Rabi frequency. In terms of the dressed atom model, this transition corresponds to an intradoublet transition previously forbidden in two level atoms, though predicted to occur in certain two level molecular systems. The spectrum is interpreted in terms of the dressed atom model. In general terms not only do the dressed atom transition frequencies correlate well with the spectral features, but there is also good agreement between the heights and widths of the spectral features and those obtained from the full master equation approach. The importance of using the full dipole operator in the basic definitions of the spectral quantities is also demonstrated.
I. INTRODUCTION
A number of studies have been made of the absorption of a weak probe field by a two level system strongly driven by a near resonant monochromatic laser field. When the system is atomic, with no permanent dipole moments associated with either the upper |2 or lower state |1 , several authors (see [15, 19, 20] and references therein) have shown that when the Rabi frequency becomes comparable with the natural lifetime width of |2 , the weak probe can be either absorbed or amplified for various probe frequenciesω in the region of the laser frequency ω (Mollow absorption spectrum). Also, if a third non-interacting level |3 (with ω 32 > 0 and having the same parity as |1 ) is also present, absorption of the probe field in the form of an Autler-Townes doublet occurs in the region wherē ω ≈ ω (see [11, 14, 18] and references therein). Although the Rabi frequency is important in determining the form of these absorption spectra (for example, it gives the separation of the two Autler-Townes peaks), no absorption or emission occurs for probe frequencies close to the Rabi frequency itself. This result can be predicted from the dressed atom model (see [4, 5] and references therein), no transitions occur within the doublets of dressed atom states arising from the coupling of pairs of unperturbed states of the form |1 |n + 1 , |2 |n (where n 1 is the number of photons in the laser mode).
However, when the states |1 and |2 do have nonzero and differing permanent dipole moments (which may occur in molecules) it has shown that absorption (positive laser detuning) and emission (negative laser detuning) can occur for probe frequencies near the Rabi frequency [9, 10] .
In order to simulate an atomic case showing effects near the Rabi frequency, we consider the case (see 1) where a nearby third level |3 is added to the system (ω 32 ω 21 ). |3 and |2 are coupled via a static electric (Stark) field, thereby producing two upper states with indefinite parity. Such states might therefore be expected to have a permanent dipole moment which would differ from the zero permanent dipole moment associated with the ground state |1 and thus lead to a feature at the Rabi frequency. The situation envisaged could apply to hydrogen and to Rydberg atoms. The laser which drives the |1 to |2 transition is taken to be initially in a coherent state and the atom is initially in state |1 . Spontaneous emission processes from |3 are ignored at present.
Theoretical expressions for the long time normalised absorption spectrum are developed in Sect. II. Calculations of the absorption spectrum for various values of the static electric field coupling parameter f ranging from the weak coupling limit (f ω 32 ) to the strong coupling limit (f ω 32 ) are reported in Sect. III. The
Rabi frequency is taken to be rather larger than the lifetime width Γ and the laser detuning δ is either zero or of order Γ, as is appropriate for the present study of a system strongly driven by a near resonant laser field. Dramatic changes to both the Autler-Townes and Mollow absorption spectra occur as the strength of the static electric field coupling parameter increases, with the previous Autler-Townes spectrum developing an emissive feature for spectral frequencies near the Rabi frequency.
The spectral expressions obtained in Sect. II are based on master equation methods using density matrix elements described in terms of basis states involving products of atomic and laser field Fock states (the uncoupled basis). Although expressions could have been obtained in terms of density matrix elements described in terms of basis states obtained from the dressed atom model (dressed atom basis), there would be no calculational advantage to do this. The simplification associated with the replacement of detunings, Rabi frequencies by dressed atom transition frequencies is more than cancelled out by the greater complexity of the relaxation matrices in the dressed atom basis compared with those in the uncoupled basis, as has been pointed out by Mollow [17] and by Berman and Salomaa [2] .
However in the limit of well separated spectra features, the master equations in the dressed atom basis approximately separate into equations for the dressed atom level populations and an equation for each of the coherences between the dressed atom states. In this regime the spectral features are predicted to be Lorentzian with the positions of the spectral features given in terms of the dressed atom model transition frequencies, and the strengths and widths of the features determined from the populations, transition dipole matrix elements and coherence relaxation rates associated with the dressed atom states [5] . The spectra are then recalculated in terms of this simple dressed atom model and an interpretation of the Lorentzian spectral features found in the full master equation approach is given in Sect. IV. As far as the authors are aware there has been no previous quantitative comparison between the predictions of the simple dressed atom model and a full spectrum calculation in the case of a three level system, and it is of particular interest to see that the simple dressed atom model predictions agree well with the full spectrum calculations even into the regime where there is significant overlap of the spectral features. The interpretation of the non Lorentzian dispersive features [1] (such as occur in the pure Mollow absorption spectrum at zero laser detuning) however requires a dressed atom model treatment of higher order than that discussed here.
The present work does not make use of the usual rotating wave approximation (RWA) in the basic definitions of the spectral quantities. As we will see this makes some difference to the Autler-Townes spectra in the regime of intermediate and strong static field coupling, although not affecting the prediction of an emission feature at the Rabi frequency. In an earlier report on this subject [7] the results of a master equation approach based on rotating wave approximation spectral definitions was presented, though without interpretation in terms of the dressed atom model.
II. THEORY
The absorption spectrum for a quantum system is generally defined [3, 6, 16] in terms of the energy absorbed from a weak probe field of spectral frequencyω and is given in terms of the average value of the two time commutator
involving the component µ = .d of the atomic dipole operator d along the direction of the probe field polarisation . ρ s (0) is the system density operator at t = 0 and µ , µ † are Heisenberg operators, with µ = µ † for real polarisation .
Thus the energy absorbed from the weak probe field during the time interval to t 0 to t is proportional to the unnormalised spectrum σ (ω, t, t 0 ) given by
The derivation of this result follows the treatment of Ref.
[6] but without making the rotating wave approximation, so that the quantity µ + , (see [6] ) associated with upward transitions is replaced by µ and µ
If the rotating wave approximation is used [6, 15] 
, where we note that µ + , µ − contain only negative, positive frequency components respectively.
In the case of asymptotic stationarity where for large t µ † (t), µ (t + τ ) approaches a function g (τ ) of the time difference, it is well known [6, 15] that the long time absorption spectrum is given in terms of Laplace transform of g (τ ). In the present case we find that as t becomes large
so that there are oscillating terms due to the presence of the driving laser field of frequency ω. In this case the long time absorption spectrum is given by the Laplace transform of the non-oscillating term g 0 (τ ). In terms of the long time normalised spectrum (see [6] 
we find that
A similar expression is given by Dalton [6] but there the use of the rotating wave approximation enabled the denominator to be simplified. Mollow [16] has also examined cases of this type whose behaviour is more complicated than that of asymptotic stationarity and found an equivalent expression (see his equations (5.13), (5.1), (4.1) and (2.5)) for the absorption spectrum.
In the present case
where the transition dipole matrix elements are given by d ij = i|d. |j and the transition operators Λ in;jn are Heisenberg operators which at t = 0 are given by Λ in;jn (0) = |in jn|, in terms of the uncoupled atomlaser mode states, |in ≡ |i |n . Note that in a RWA treatment only the first two terms would be present in the quantity µ + (used in [7] ). The trace of the relevant dipole commutator µ † (t), µ (t + τ ) will involve sixteen terms. Three typical terms are
The 32 different two-time averages can be evaluated using the quantum regression theorem [4, 12, 13] . Three typical results are
σ in;jm (t) are the matrix elements of the reduced density operator σ(t) for the atom-pump-laser system and U injm;kqlr t are the matrix elements of the reduced evolution operator U (t), which connects σ(t) with σ(0) in the usual way.
The reduced density operator matrix elements (and hence also those of U (t)) satisfy Markovian master equations. These are obtained in the standard way [4] using (i) the secular approximation, (ii) the weak coupling approximation to calculate the Markovian relaxation constants corresponding to spontaneous emission processes, (iii) the neglect of the dependence of the Rabi frequency on the pump photon numbers and (iv) the neglect of the depletion of quantum states of the pump laser, via the approximation (justifiable a postiori) σ 2n+1;2m+1 = σ 2n;2m . Interactions between the quantised EM field and the atom are treated in the electric dipole approximation. In applying the secular approximation to the master equation for iσ in;jm all terms on the right hand side whose transition frequency differs from ω ij + (n − m)ω by frequencies that are large compared with the various coupling constants f , ξ, Γ (see below) are discarded, whilst all other terms are retained. Thus in the equation for iσ 3n;3m terms like −fσ 2n;3m (associated with the static field interaction) whose transition frequency differs by the relatively small frequency ω 32 are included, but terms like − 1 2 iξσ 2n+1;3m (associated with atom-laser coupling) whose transition frequency differs by the large frequency ω − ω 32 are discarded.
The reduced density matrix elements break up into separate coupled sets, the (n, P ) set containing elements σ αβ where α = 1n + 1, 2n, 3n and β = 1n + P + 1, 2n + P , 3n + P corresponding to the coupled states in the related dressed atom model [4] being |1n + 1 , |2n , |3n . The reduced density matrix elements in the (n, P ) set can be written in the form
, and where the atomic factors σ ij (P, t) satisfy the Bloch equations
In these equations Ω(P ) = −P ω, ξ is the Rabi frequency given by ξ = (2d
, where the pump laser has a polarisationθ and is in a coherent state |α with α =n 1/2 e −iθ , wheren → ∞ along with the quantisation volume V but withn/V remaining finite, f is the static field coupling given by f = 3|d.E|2 /h where E is the static electric field, ∆ = ω 32 , Γ is the inverse lifetime of |2 and δ is the laser detuning, given by δ = ω 21 − ω. The atomic transition frequencies ω ij include radiative shifts (Lamb shift). The initial conditions are σ ij (P, 0) = δ i1 δ j1 e iP φ . The quantitiesθ, ξ, f are assumed real for the non-degenerate system treated here.
The separation of the reduced density matrix elements into coupled sets enables the two time averages to be simplified, for example most of the matrix elements U 1m2m;ir2n in Eq. (8)(top line) are zero. For within the set (m − 1, 1), which includes σ 1m;2m , the only elements of the form σ ir;2n are σ 1m;2m , σ 2m−1;2m and σ 3m−1;2m , which reduces the sum over nir in Eq. (8)(top line) to three terms. Similar remarks apply to the second and third lines of Eq. (8). If we also introduce matrix elements U ij;lm (P, t) associated with the evolution operator for σ ij (P, t) we find that:
Note that C(m − 1) summed over m yields unity. It turns out that twelve of the 32 two-time averages in µ † (t), µ (t + τ ) involve t dependences of the form σ ij (0, t), 16 involve the forms σ ij (±1, t) whilst four involve factors σ ij (±2, t). In order to discuss the long time behaviour of the dipole commutator µ † (t), µ (t + τ ) we need to consider the long time behaviour of σ ij (P, t), P = 0, ±1, ±2.
Writing Eq. (9) in the general matrix form
involving the 9 × 9 matrix A(0) and the unit matrix E 9 , it is easy to show that the Laplace transformσ(P,ω) (ω is the Laplace variable) of the elements of σ(P, t) is given in terms of the Laplace transform of the matrix elements of U (P, t) asσ
with
The long time behaviour of σ ij (P, t) depends on the properties of the denominator of the expressions for the Laplace transform, namely the determinent are then included via a perturbation theory method, it can be shown that one eigenvalue only remains at λ = 0, the others all move down into the lower half of the complex plane. Thus |(ω + P ω)E 9 − A(0)| is of the form (ω + P ω)P 8 (ω + P ω), where P 8 is a polynomial of degree eight whose roots are all in the lower half complex plane.
As no double, triple, . . . poles occur atω + P ω = 0 it is easily seen from taking the inverse Laplace transform of Eq. (12) that the long time behaviour of σ ij (P, t) is of the form e iP ωt . The long time absorption spectrum only involves the g 0 (τ ) term which is given by
In the rotating wave approximation version [7] only the first and fifth terms of Eq. (15) would be present. The non RWA terms in the definition of the spectrum only lead to terms in Eq. (15) which involve pairs of density matrix elements whose transition frequencies differ by amounts that are small or comparable with the various coupling terms f , ξ, Γ etc. Thus the terms U 32;13 (0, τ), U 32;23 (0, τ) and U 32;33 (0, τ) involve the small frequency differences (see Eq. (9)) 2∆ + δ, 2∆ and ∆ respectively. Similarly, the terms U 21;11 (−1, τ), U 21;21 (−1, τ) and U 21;31 (−1, τ) involve frequency differences δ, 0 and ∆ respectively, which are again small. As will be seen below, such terms become important in the regime of intermediate static field coupling. Their inclusion is completely consistent with the secular approximation used to obtain the Bloch equations (9) , in which only terms differing by high (∼ ω) frequencies are discarded.
The long time value of the density matrix elements σ ij (0, ∞) can be obtained by solving (11) with P = 0 in terms of (i) the column eigenvector X 1 of A(0) with eigenvalue zero, (ii) the column eigenvector Y 1 of A T (0) with eigenvalue zero and (iii) the initial column vector σ(0, 0), whose only non-zero element is σ 11 (0, 0) = 1. We have [8] 
The long time normalised spectrum can then be obtained from (5) and (15) in the form
where
In (18) the quantities M ij,lm(Ω) are given by (14) , the σ ij (0, ∞) by (16) . The denominator D is obtained by numerical integration of the previously obtained P A , P M . The first term S M (ω, ∞, t 0 ) in the normalised spectrum, which contains a major contribution depending on ω −ω, the difference between the laser frequency and the spectral frequency, yields the Mollow absorption spectrum. For small f , ξ the (ω −ω) term is approximately
which is obviously a rotating wave approximation (RWA) resonant absorption term, whereas the (−ω −ω) term is approximately
which is obviously a slowly varying non-RWA antiresonant term.
The second term S A (ω, ∞, t 0 ) in the normalised spectrum contains terms depending only on −ω and yields the Autler-Townes spectrum. For small f , ξ the first term is approximately
and is an RWA resonant absorption term, the second and third terms are negligible and the fourth term is approximately
and is a non-RWA anti-resonant term, again slowly varying. All frequency variables δ, ξ, f ,ω, ω can be expressed in units of Γ, the natural linewidth of level 2. In this case the spectra S A , S M are in units of 1/Γ.
III. SPECTRUM CALCULATIONS
Calculations of the long time absorption spectrum based on the full master equation approach outlined in Sect. II have been made for various values of the static electric field coupling parameter f ranging from the weak coupling limit (f = 0.04972∆ = 0.5255Γ) to the strong coupling limit (f = 15.06∆ = 159.2Γ) and for zero or moderate detunings δ (δ = 0, ±3.0Γ). The Rabi frequency ξ is chosen as 6.72Γ as for a strongly driven system and corresponds to one of the cases (Figure 2(e) 8 s −1 (as for 2p 1/2 in hydrogen) and this figure may be used to convert the frequencies into s −1 and the normalised spectra into s. In our case we will assume is real and that the dipole matrix elements are also real,
The results of the calculations for the Mollow S M term for zero detuning are shown in figure 2(a) -(e), plotted against (ω − ω)/Γ. Features are labelled in figure 2 in accordance with their interpretation via the dressed atom model. The absorption spectrum S M for weak coupling (f = 0.5255Γ) (see figure 2(a) ) is of the Mollow form-partly emissive, partly absorptive with dispersive features separated by 2ξ. As f increases (f = 1.592Γ, see figure 2(b) ) the spectrum first becomes unsymmetrical and an additional absorptive feature (31) appears, along with the weak emissive feature 13. figure 3(d) ) it becomes the only significant feature, the normal Autler-Townes absorption peaks 32 and 31 having virtually disappeared. In the strong coupling regime however the 32 absorption peak has reappeared with comparable strength to the 21 emission feature, although the overall strength of the Autler-Townes spectrum is now small compared with the Mollow spectrum.
The results of these calculations shown in figures 2 and 3 may be compared with those presented previously [7] which were based on using the RWA in the expressions for the spectra. The results are virtually the same (apart from absolute size) for the Mollow spectrum (see figure  2(d) ) and in the Autler-Townes spectrum for the weak coupling regime (f = 0.5255Γ, f = 1.592Γ) but differ significantly in the latter case in the intermediate coupling regime, where for f = 15.92Γ = 1.506∆ the 32 absorptive feature is still prominent in the RWA result but has virtually disappeared in the non-RWA spectrum presented here. This difference is shown in figure 3(d) .
The results of the calculations for non-zero detunings (δ = ±3.0Γ) of both Mollow S M and Autler-Townes S A spectra are shown in figure 4 , for the case of weak (f = 0.5255Γ) static field coupling. The main effect is the asymmetry introduced in both Mollow and AutlerTownes curves, the asymmetry going in opposite directions for positive and negative detuning.
The results of the calculations for non-zero detunings (δ = ±3.0Γ) of both Mollow S M and Autler-Townes S A spectra are shown in figure 5 , for the case of intermediate (f = 15.92Γ = 1.506∆) static field coupling. Aside from shifting the positions of the features little effect is produced on the form of the Mollow spectrum apart from a slight alteration of the relative heights of the 12 and 32 absorption peaks. However for negative detuning (δ = −3.0Γ, see figure 5(d) ) the Autler-Townes spectrum shows a reappearance of the 32 absorption peak, which is very small in the zero (see figure 3(d) ) and positive detuning (δ = +3.0Γ, see figure 5(c) ) cases. In the latter case the 31 and 32 features are of comparable strength.
IV. DRESSED ATOM MODEL INTERPRETATION OF SPECTRUM
The dressed atom states (see [4, 5] and references therein) associated with laser photon number n (n 1) and their angular frequencies ω nα are written as
for α = 1, 2, 3. The unitary expansion coefficients A iα and the angular frequencies ω α (which are independent of n and are ordered ω 3 ≥ ω 2 ≥ ω 1 ) are determined from:
(24) In this situation the dressed atom energy levels are a series of identical triplets, repeated periodically, with intertriplet frequency separation ω (see figure 8) .
As we will see transitions between the dressed atom states resulting in energy interchange with the probe field are of two types. The first are inter-triplet transitions between neighbouring triplets of the form |nα ↔ |n − 1β (α, β = 1, 2, 3) and have transition frequencies close to ω + ω αβ . These are associated with the first (Mollow) term in the absorption spectrum. The second are intratriplet transitions, of the form |nα ↔ |nβ (α, β = 1, 2, 3, ω α > ω β ) and have transition frequencies close to ω αβ . These are associated with the second (AutlerTownes) term in the absorption spectrum. Transitions of both these types are designated αβ. Applying the approach of Ref. [5] to the present case we will now briefly sketch out the derivation of the spectral quantities in terms of the simple dressed atom model.
The atom laser density operator can be represented in terms of matrix elements σ nα;n+P β for the dressed atom rather than the free atom-laser states. These also break up into separate coupled sets, the (n, P ) set containing elements with σ nα;n+P β with α, β = 1, 2, 3. The latter also factorise in the form σ P αβ (t)×C(n), where the dressed atom factors satisfy equations equivalent to (9) In the strong field regime where the dressed atom transition frequencies are large compared with the relaxation elements, the dressed atom population-like (α = β) and coherence (α = β) factors satisfy the simpler equations [5] , obtained from (25) via the secular approximation,
In our case the relaxation matrix elements are given by
where Γ α is the total decay rate of the dressed atom state α, k βα is the transition rate from dressed atom state β to state α and the dressed atom coherence relaxation element Γ αβ;αβ has been expressed in terms of real quantities ∆ αβ , Γ αβ . As we will see ∆ αβ (= ∆ βα ) is the shift in the dressed atom transition frequency and Γ αβ (= Γ βα (> 0)) is the half width at half height of the dressed atom spectral feature αβ. Using (23 top line) the dipole operator µ can be written in an alternative form to (6) but in terms of the dressed atom state transition operators Λ n−1α;nβ , Λ nα;n−1β and Λ nα;nβ . We have
(29) with dressed atom model transition dipole matrix elements given by
The normalised long time spectrum for the simple dressed atom model can be obtained using methods analogous to those in the previous section. We make use of Bloch equations (27) and the result from (27 second line) and Γ αβ > 0 that the dressed atom coherences decay to zero at long times to find that S(ω, ∞, t 0 ) can be written in the same way as in (18) 
but with
The denominator D which relates the Mollow and AutlerTownes terms S M and S A to the quantities P M and P A via (18) . We note that the Mollow term S M contains an anti-resonant contribution depending on d Thus, (ignoring the anti-resonant terms) for the simple dressed atom model Mollow and Autler-Townes Lorentzian features occur at spectral frequenciesω = ω + ω αβ +∆ αβ andω = ω αβ +∆ αβ respectively. Each αβ feature has the same half width at half height (HWHH)
In our case the transition frequency shift ∆ αβ always equals zero. The half width Γ αβ is obtained from (28).
The long time population can be obtained via the long time solutions of (27). In our case however equation (28) for the dressed atom transition rates implies that a condition of detailed balance occurs, k βα σ ββ (0, ∞) = k αβ σ αα (0, ∞), which enables the long time dressed atom populations to be obtained quite simply from (27) with the time derivatives set equal to zero. The results are independent of the decay rate Γ and are
These results are correct only to order (Γ/∆ω) 2 (where Γ is a typical relaxation constant and ∆ω is a typical difference between dressed atom transition frequencies) due to the approximation made in going from (25) to (27). The question of whether for a given feature higher order terms are important depends on two factors. Firstly if the expansion parameters Γ/∆ω are not small the higherorder terms in the extension to the simple dressed atom model may be important. Secondly if for a given feature the simple dressed atom model prediction is essentially zero then the higher order terms may be important even if the expansion parameter Γ/∆ω is small. The strength of a given simple dressed atom model feature will be proportional to the appropriate dressed atom dipole matrix element squared times the dressed atom model population difference. Both factors need to be considered in understanding whether or not the simple dressed atom model gives an accurate prediction of a spectral feature. In the present calculations the dressed atom model generally works well as both factors are satisfactory, but as will be seen, examples of the failure of the simple dressed atom model associated with one or both of the factors also occur. Apart from the Mollow spectrum cases with weak static field coupling (f = 0.525Γ, f = 1.592Γ) and with zero detuning (see figures 2(a) and 2(b)) where the features are strongly non-Lorentzian, we see that the dressed atom model spectral calculations agree well with the full master equation calculations. This applies not only to excellent correlation between the spectral frequencies of the features, which are simply related to shifted dressed atom model transition frequencies, but also to the widths and heights of all the features. Thus we can generally interpret the spectral features in terms of transitions between the dressed atom states.
In particular, from figures 3(c), (d), (e) we see that the emissive feature whose frequency is close to the Rabi frequency (even for intermediate static field coupling values f = 5.255Γ) can be identified with intratriplet transitions of the form 21, |n2 → |n1 . As the static field falls to zero these transitions can be identified as transitions between the dressed atom states arising from the coupling of the pair of unperturbed states |1n + 1 → |2n .
The discrepancy in the Mollow spectrum of figure 2(a) for weak static field coupling (f = 0.04972∆) and zero detuning between the dispersion like features of the full spectrum calculation and the weak Lorentzian features of the simple dressed atom model is a case where both factors are involved. The population difference times the dipole matrix element squared is small for the features concerned. Also the differences in transition frequency are of the order of Γ. However with much the same values of Γ/∆ω the Mollow spectra of figure 4(a) and 4(b) for the same static field coupling but non-zero detuning show quite good agreement between the full master equation spectrum calculations and those of the simple dressed atom model-in the non-zero detuning case the dressed atom population differences are significantly nonzero allowing the simple dressed atom model prediction to predominate. A recalculation of the Mollow spectrum for the figure 2(a) case is shown in figure 6 but with a Rabi frequency increased by a factor of about 5 to 35.0Γ.
Here the values of Γ/∆ω are reduced considerably compared with those for figure 2(a). As in figure 2(a) the simple dressed atom model and the full master equation calculations agree well for some basically Lorentzian features (13, 31 in figure 2(a) and 12, 21, 23, 32 in figure  6 ). However the dispersion like features 31, 13 in figure  6 for the full spectrum are still present and in disagreement with the simple dressed atom model predictions. The population difference times dipole matrix element squared still remains small and higher order terms would be needed to obtain agreement.
The discrepancy in the Mollow spectrum of figure 2(b) for a static field coupling which is still weak (f = 0.1506∆) and for zero detuning between the full master equation spectrum and the simple dressed model calculations for the features 23, 12, 21 and 32 is rather more influenced by the largeness of the appropriate Γ/∆ω rather than the intrinsic smallness of the simple dressed atom prediction. These spectral features do not correlate well with any single dressed atom transition frequency and involve mixtures of transitions such as |n2 → |n − 11 (21) and |n3 → |n − 12 (32). The dressed atom transition frequencies involved are only separated by an amount equal to the linewidth factor Γ, so relaxation processes couple (see (25)) the density matrix elements corresponding to the two dressed atom transitions. A recalculation of the spectra for the cases shown in figures 2(b) and 3(b) has been carried out with a reduction in the linewidth by a factor of 10. The results of these calculations are shown in figure 7 , where all frequencies are scaled up by a factor of 10 in comparison with the linewidth. As can be seen the spectra predicted by the dressed atom model now agree very well with those calculated via the full master equation approach. The features are now much more Lorentzian and are locked on to the dressed atom model transitions.
In the case of figure 2(c) with intermediate static field coupling, not only is the simple dressed atom model prediction of all the spectral features significantly non-zero but also the dressed atom transition frequencies differ by much more than Γ. Thus, as would be expected the full master equation spectrum and the simple dressed atom model spectra agree well.
For zero detuning the Mollow-Autler-Townes spectra for weak static field coupling (figures 2(a) and 3(a)) are associated with dressed atom levels of the type shown in figure 8(a) , with the states |n2 , |n1 having total populations close to 0.5. |n3 is similar in frequency and approximates in form to |3n , whilst |n2 , |n1 are symmetrically split around |1n + 1 , |2n with a frequency separation equal to the Rabi frequency. |n2 , |n1 basically just involve mixtures of the latter two unperturbed states. In this weak coupling limit the model clearly predicts that the dominant intratriplet transitions would be the |n2 → |n3 For non-zero detuning and weak static static field coupling the major effect is that population is shifted between |n2 and |n1 and in a different direction for positive and negative detuning. This basically accounts for the significant asymmetry appearing (see figure 4) in both Mollow and Autler-Townes spectra and for the 12 and 21 features to now dominate the Mollow spectrum. Better agreement between the master equation and the dressed atom model also occurs as the non-zero population differences (σ 11 (0, ∞) − σ 22 (0, ∞)) allow these 21 and 12 features to become Lorentzian.
For the strong static field coupling regime (f = 159.2Γ, see figures 2(e) and 3(e)) the spectra are associated with dressed atom levels of the type shown in figure 8(b) , the states |n2 having a total population close to 1.0. |n2 is similar in energy and approximates in form to |1n + 1 , whilst |n1 , |n2 have energies which are close to being symmetrically split about the mean of that for the uncoupled states |2n , |3n and with a frequency separation equal to 2f . |n1 and |n3 then essentially involve mixtures of the latter two uncoupled states. In this strong static field coupling limit the model clearly predicts that the dominant intertriplet transitions would be the |n − 12 → |n1 (12) and |n − 12 → |n3 (32) absorptions shown in figure 2(d) , since both the dipole matrix elements d The other transitions 31, 13, 23, 21 are very weak, the dipole moments and sometimes also the population differences are essentially zero. For the intratriplet case the dipole moments become small accounting for the Autler-Townes spectra being generally much weaker than the Mollow spectrum. The larger population differences (σ 33 (0, ∞) − σ 22 (0, ∞)), (σ 22 (0, ∞) − σ 11 (0, ∞)) compared with (σ 33 (0, ∞) − σ 11 (0, ∞)) accounts for the 32 and 21 Autler-Townes features being much stronger than the 31 feature in this regime.
For the regime of intermediate static field coupling strength (f = 5.255Γ, f = 15.92Γ) these simple considerations no longer apply as the dressed atom states are now more complicated. However for intermediate static field coupling strength f = 15.92Γ the population of the dressed atom states is close to that shown in figure 8(b) and is not sensitive to detuning. This together with the likely insensitivity of the expansion coefficients A 21 , A 23 , A 12 largely accounts for the Mollow spectra (see figure  5 ) not changing much with detuning.
In conclusion, we see that not only is the dressed atom model useful in interpreting the spectral features but there is also a good quantitative agreement between the predictions of the dressed atom model and the full spectrum results, subject of course to the proviso that higher order corrections to the dressed atom model are required to account for dispersive and other non-Lorentzian features. This work also shows the importance of using the full dipole operator in evaluating the spectrum and not making the rotating wave approximation.
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